Abstract The interactive effects of UV-B-exposure and increased temperature were investigated in the two green macroalgae Ulva bulbosa from Antarctica and Ulva clathrata from southern Chile in the laboratory. At seawater temperatures of 0°C, UV-induced inhibition of photosynthesis was much larger in U. clathrata than in U. bulbosa, whereas temperatures of 10°C compensated UV-effects in both species. Despite pronounced photoinhibition, damage to D1 protein in photosystem II could not be detected, indicating that photosynthetic reaction centers were unaffected by experimental UVexposure. In addition, marked differences in the generation of oxidative stress were not detected. Under all treatments, the activity of superoxide dismutase was higher in U. bulbosa than in U. clathrata, indicating a higher degree of cold adaptation in U. bulbosa from Antarctica, resulting in a higher UV-tolerance at 0°C than in U. clathrata from southern Chile.
Introduction
Seasonal depletion of stratospheric ozone and the concomitant increase in UV-B radiation reaching the earth's surface represent a major threat to Antarctic ecosystems. Recently, the Antarctic ''ozone hole'' has been reported to increase to a record size of more than 28 million km 2 in 2000 and 2003 (Casiccia et al. 2003; Waple et al. 2004) , extending as far as the north to include the southern tip of South America in austral spring (Casiccia et al. 2003; Kirchhoff et al. 1997) . The related increase in harmful UV-B irradiance potentially results in multiple biological damages to UV-B exposed organisms. Additionally, changing temperature regimes, particularly in Polar regions are likely to affect the biosphere, as a result of climate change (Clarke and Harris 2003) .
The coastline of Antarctica, i.e. the Antarctic Peninsula with its adjacent Subantarctic islands and as well as the coasts of Tierra del Fuego are locations which are likely to be primarily affected by environmental change (Arntz et al. 2005) . Antarctic marine macroalgae represent key components of the ecosystem as they provide food and shelter for a multitude of associated organisms (Mann 1973; Buschmann 1990; Iken 1996) and were previously demonstrated to be particularly sensitive to both increasing UV-B irradiance (Kirst and Wiencke 1995; Bischof et al. 1998a ) as well as shifts in temperature (Wiencke et al. 1993; Eggert and Wiencke 2000) . The impact of UV-B exposure may be manifested as a severe inhibition of photosynthetic activity, resulting from molecular damage to photosynthetic pigments, proteins (Bischof et al. 2000) as well as DNA damage and subsequent suppression of photosynthetic genes (reviewed by Xue et al. 2005) .
Temperature is a crucial factor within Antarctic coastal ecosystems, as particularly endemic macroalgae are characterized as extremely stenotherm organisms (Wiencke and tom Dieck 1989) which are strongly adapted to low temperatures around 0°C (Wiencke et al. 1993; Bischoff-Ba¨smann and Wiencke 1996; Kirst and Wiencke 1995; Weykam 1996; Gó mez 1997) . The response of Antarctic macroalgae to increased UV-B and changing temperature was previously characterized in a set of unifactorial experiments neglecting possible interactions between both factors (Bischof et al. 1998a; Eggert and Wiencke 2000) . As in the field, organisms are mostly exposed to a combination of changing abiotic conditions, studies addressing the interactive effects of different stress factors are more suitable in order to set critical levels of physiological tolerance and to draw conclusions on ecological implications. The present study addresses the UV-B and temperature-related effects on macroalgal physiology: in two species of Ulva, one from Antarctica and the other from Tierra del Fuego (Chile), the differential effects of both factors on photosynthetic activity, the generation of oxygen radicals and their scavenging by the activity of superoxide dismutase (SOD) were addressed.
Materials and methods

Algal material and experimental conditions
The green macroalga Ulva bulbosa (Suhr) Hariot [formerly known as Enteromorpha bulbosa (Suhr) Montagne] was isolated near the Antarctic Base Jubany (62.23°S, 58.63°W) on King George Island (South Shetland Islands, Antarctic Peninsula; Fig. 1 ). Ulva clathrata (Roth) C. Agardh [formerly known as Enteromorpha clathrata (Roth) Greville (Hayden et al. 2003) ] was collected from Puerto Williams (54.93°S, 67.62°W) in the south of Chile (Fig. 1) . Isolates of both species were kept as stock cultures at the Alfred Wegener Institute for Polar and Marine Research (Bremerhaven, Germany; isolate numbers: 1,002 and 1,054, respectively). Macrothalli were raised in air-bubbled Provasoli enriched seawater (Provasoli 1968 ) in a climate room at 0°C with artificial irradiation of 10 lmol photons m À2 s À1 PAR (L58W, Osram, Germany). From these cultures, the experimental material was divided to be further cultivated in petri dishes in a climate chamber (Ecophyt Chamber, Heraeus Vo¨tsch, Germany) either at 0 or 10°C and from 8.7 to 9.2 lmol photons m À2 s À1 PAR (provided by HPL-R 250 W bulbs, Philips, The Netherlands). Algae were exposed in a light:dark cycle of 16:8 h for 5 subsequent days. After 1 day of preacclimation in PAR alone, radiation was supplemented with UV-A (provided by UV-A-340 fluorescent tubes, Q-Panel Lab Products, Cleveland, USA) and UV-B (TL20W/12RS, Philips, The Netherlands). The petri dishes were covered with different cut-off filters in order to set three light/UV conditions: PAR alone (k ‡ 400 nm, achieved by Ultraphan URUV, Digefra, Munich, Germany), PAR + UV-A (k ‡ 320 nm, Folanorm SF-AS, Folex, Cologne, Germany) or PAR + -UV-A + UV-B (k ‡ 295 nm, Ultraphan URT, Digefra, Munich, Germany). Radiation conditions in the experimental treatments are summarized in Table 1 . Under these conditions, the specimens were exposed for 4 subsequent days. Measurements of photosynthetic activity were performed every day after 4, 8 and 12 h of light/UV-exposure. Samples for measurements of physiological performance were taken before and at the second and fourth day of exposure to UV radiation directly after 12 h of light/UV-exposure, and immediately frozen in liquid nitrogen and stored at À80°C.
Physiological determinations
Photosynthetic activity was measured as maximal quantum yield of photosystem II (Fv/ Fm = (Fm À F 0 )/Fm) according to Schreiber et al. (1994) using a PAM-2100 chlorophyll fluorometer (Walz, Effeltrich, Germany). Before measurements were performed, samples were exposed for 5 min to darkness at the respective cultivation temperature (either at 0 or 10°C). The protocol of Fv/Fm measurements in macroalgae followed the procedure described by Hanelt (1998) .
For biochemical analysis, frozen samples (approximately 0.1 g fresh weight) were ground to a fine powder using a Mikro-Dismembrator U (B. Braun Biotech International, Germany; at 2,000 rpm for 1.5 min) and extracted with 1 ml of 50 mM potassium phosphate buffer (pH 7.0) containing Complete Protease Inhibitor Cocktail Tablets (Roche Diagnostics, Germany). Extracts were centrifuged for 15 min at 16,100g and 4°C. The supernatant was aliquoted in 100 ll and stored at À80°C.
Catalytic activity of SOD (EC 1.15.1.1) was determined according to a modified method of McCord and Fridovich (1969) and Aguilera et al. (2002) at 25°C. The assay mixture contained 50 mM potassium phosphate buffer (pH 7.8, KOH), 0.1 mM EDTA (Merck, Germany), 10 lM cytochrome c (VWR, Germany, resolved in 100 mM So¨rensen phosphate buffer, pH 7.4) and 50 lM xanthine (Sigma, Germany). Xanthine was freshly prepared as a 10 mM stock solution dissolved in cold 1 M NaOH (4°C). In this coupled and indirect enzyme assay xanthine oxidase (Sigma) catalyzed a reaction pathway which generates superoxide anions, hydrogen peroxide and uric acid from its substrates oxygen, xanthine and water. Cytochrome c(Fe 3+ ) was reduced by superoxide anions to cytochrome c(Fe 2+ ) which is coupled with a change in color, photometrically detectable at 550 nm (Uvikon 810 P, Kontron, Switzerland). Addition of xantine oxidase gave an increase in absorbance at 550 nm of 0.025 ± 0.002 min À1 at 25°C. SOD inhibits the reduction of cytochrome c by superoxide anions competitively. Determination of SOD activity in the crude extracts was calculated by using an inhibition curve with purified SOD (Sigma). SOD activity was expressed as units per milligram total soluble protein (TSP).
Protein assay
Total soluble proteins in crude extracts were determined according to Bradford (1976) using a commercial Protein Assay kit (Bio-Rad, USA). Protein content was determined photometrically at 595 nm and concentrations were calculated according to a calibration curve prepared with a known concentration of bovine serum albumin (Sigma).
SDS-PAGE and western blotting for D1 protein
Proteins in crude extracts were separated by SDS-PAGE, following the procedure described by Laemmli (1970) . Electrophoresis and western blotting were performed and analyzed according to Bischof et al. (2006) .
MDA determination
Lipid peroxidation induced by the presence of reactive oxygen species (ROS) was estimated by the malondialdehyde (MDA) assay according to Bischof et al. (2003) . Due to limitations in the supply of algal material, samples for MDA analyses could only be taken before and on the fourth day of UV-exposure. Results are expressed as lmol MDA mg À1 fresh weight.
Data treatment
All measurements were performed using triplicates per treatment; mean values and standard deviations were calculated. The statistical analysis was performed using JMP IN 5.1 (SAS Institute Inc., USA) for Apple Macintosh OS X. Two-way analyses of variance (ANOVA, model 1) with repeated measurements and subsequent contrasts for between-subject factors were conducted in order to identify statistical differences between treatments. A level of probability of P £ 0.05 was applied.
Results
PAM-fluorometry
The changes in maximal quantum yields with respect to the light and temperature treatments are shown in Fig. 2 . Initial values were at 0.740 relative units at both temperatures, 0 and 10°C. Control values (PAR alone) remained on this level for more than the entire time course of the experiment. Upon exposure to ultraviolet radiation, Fv/Fm decreased in both species. Exposure at 0°C resulted in an UV-induced inhibition of Fv/Fm in both species, with marked additional effects of UV-B radiation (Fig. 2) . In U. clathrata a strong decrease in Fv/Fm, down to 0.50 under PAR + UV-A and 0.4 under PAR + UV-A + UV-B was measured. In U. bulbosa minimal Fv/Fm values of 0.6 relative units were observed under PAR + UV-A, whereas the addition of UV-B resulted in a further reduction down to 0.55. However, at 10°C, Fv/ Fm in both species only exhibited minor and similar changes in response to the impinging UV radiation. Figures 3 and 4 show the Fv/Fm values for U. bulbosa and U. clathrata under the different radiation and temperature conditions at an early and at the final stage on the first and fourth day of UV-exposure. During the first day of UV-exposure at 0°C, U. bulbosa showed a 13 and 21% reduction in Fv/Fm under the PAR + UV-A and PAR + UV-A + UV-B treatment, respectively, which remained unchanged until the fourth day. At 10°C, Fv/ Fm values of U. bulbosa under UV-exposure were higher than at 0°C but did not show differences from the beginning of UV-exposure until the end of the experimental period. In U. clathrata a similar response was observed under both temperatures, but with a substantially stronger UV-B-induced inhibition of Fv/Fm at 0°C. Significant differences in Fv/Fm values between PAR + UV-A and PAR + UV-A + UV-B treatments at 0°C on the first day (Fig. 4) were diminished in the further course of the experiment (day 4). Statistically significant differences between Fv/Fm values measured after 4 and 12 h of UVexposure were absent in both species under all kinds of experimental conditions (Figs. 3, 4) . Generally, U. bulbosa exhibited a higher catalytic activity of SOD in cell homogenates than U. clathrata. Within both species, significant interactive effects between time and ambient temperature were detected, revealing that catalytic activities of SOD were significantly higher in U. bulbosa kept at 0°C on the fourth day than on the previous days (Fig. 5) . In contrast, there were no changes in SOD activities in U. bulbosa at 10°C during UV-exposure, whereas SOD activities in U. clathrata decreased on the fourth day at 0°C. In all cases, significant effects of UV-exposure on SOD activities in comparison to the control exposed under PAR radiation alone were absent (Fig. 5) .
MDA formation
In both species, there were no significant differences in the MDA contents with respect to the radiation regime (Fig. 6 ). Neither the exposure to UV-A nor to UV-B radiation did cause a significant formation of MDA compared to samples under PAR alone. Furthermore, in both species cultivated at 0°C MDA contents did not change significantly in the course of time during the experiment, but the MDA contents of samples of U. bulbosa exposed at 10°C decreased during the experimental time. In contrast, temperature substantially affected MDA formation as in U. bulbosa exposure to 10°C led to a significantly decreased level of MDA in comparison to samples at 0°C. However, in U. clathrata, a slightly higher level of MDA was detected at 10°C than at 0°C.
Discussion
The present study suggests pronounced interactive and species-dependent effects of UV-exposure and temperature on photosynthesis of two related green algal species from Antarctic and Subantarctic regions. It is shown that increased temperatures may compensate for an UV-induced inhibition of photosynthesis in the two species of Ulva, or vice versa, low temperatures may enforce UV mediated stress to photosynthesis. Furthermore, it seems that the Antarctic strain of U. bulbosa is more resistant to increased UV radiation than U. clathrata isolated from southern Chile.
Physiological interpretation
The degree of UV-induced inhibition of the maximum PS II quantum yields is strongly dependent on temperature in both species. At 0°C, maximum PS II quantum yields were strongly reduced by UV-B radiation, which is in correspondence with other labora- tory studies on UV-effects on polar macroalgae (Bischof et al. 1998a, b; Hanelt et al. 1997) . Also in a previous study, photosynthesis of an Antarctic isolate of U. bulbosa from King George Island was shown to be rather insensitive to UV-A and UV-B radiation in a short-term laboratory experiment (Bischof et al. 1998a). The inhibition of photosynthesis by UV-B exposure may be related to either direct effects on photosynthetic proteins and pigments, i.e. the degradation of the D1 protein in the reaction center of photosystem II (Vass 1997) or indirectly through decreases in catalytic activity of enzymes like Rubisco (Bischof et al. 2000) . In the present study, a degradation of D1 protein was not detectable under UV radiation and different temperatures (not shown). Furthermore, similar SOD activities and MDA values under PAR and UV-exposure lead to the assumption that formation of ROS was not induced under experimental UV radiation. Enhanced ROS formation in the chloroplast may damage PS II primarily through oxidative D1 degradation (Lesser 2006) . Therefore in our study, damage to D1 was presumably not responsible for UV-induced inhibition of photosynthesis. This is in contrast to other previous studies on macroalgae and higher plants (van de Poll et al. 2003a; Strid et al. 1990 ), but is obviously highly dependent on the respective experimental radiation conditions. At an elevated temperature of 10°C UV-induced photoinhibition was less pronounced than at 0°C in both Ulva species (Fig. 2) . This is a hint to a temperature dependence of UV-induced photoinhibition. Studies conducted on higher plants provided evidence that detrimental effects of UV radiation on photosynthesis were exacerbated by lower temperatures (Ö quist et al. 1993 ). Go´mez et al. (2001) confirmed this statement by investigating the temperate red alga Gelidium pulchellum at optimal and suboptimal temperatures for photosynthesis. Compensation of UV-induced photoinhibition may be caused by increased temperature. Van de Poll et al. (2002) reported that UV-A and UV-B-induced effects measured as Fv/Fm decreased with increasing temperature in the red algae Coccotylus truncatus and Phycodrys rubens. Due to low ambient temperatures of 0°C, metabolic rates are low (Raven and Geider 1988; Poole and Raven 1997) ; hence biochemical reactions like catalytic activities of enzymes (e.g. Rubisco) are also decreased, thus exacerbating photoinhibition (Henley and Ramus 1989) , or vice versa, enzymatic reaction rates increase with increasing temperature, so that e.g. photoprotective mechanisms operate more efficiently.
Apparently, both Ulva species studied did not acclimate to the UV radiation treatment within the experimental period, as the pattern of inhibition of Fv/Fm values remained similar on the different days of exposure (Figs. 3, 4) . Possibly, in these species acclimation processes of photosynthesis to UV radiation which is expressed as a decreasing UV-effect with increasing exposure time (van de Poll et al. 2002 (van de Poll et al. , 2003b could require more time than covered by the experiment. Acclimation of maximum PS II quantum yield to UV radiation was also observed for temperate and Arctic brown and red macroalgae (Bischof et al. 1998b (Bischof et al. , 1999 van de Poll et al. 2003b ) but regulatory mechanisms are unknown.
It is striking that the total catalytic activity of SOD in U. bulbosa was significantly higher than in U. clathrata, although since their isolation from the original growth site both species were cultivated in stock cultures under identical conditions with respect to light, temperature, salinity and nutrients. This difference suggests that there could be a genetically fixed adaptation mechanism allowing U. bulbosa to thrive at lower temperatures. A common strategy of cold adaptation in polar species is to increase the concentration of certain enzymes, in order to compensate for reduced catalytic activities under low temperatures (Kirst and Wiencke 1995) . In our study we have not tested for species-dependent differences in SOD concentration, but consistently higher SOD activities in U. bulbosa under standard temperatures may at least suggest higher cellular concentrations of the enzyme. The Antarctic green alga U. bulbosa occurs in the upper sublittoral and eulittoral (Wiencke and Clayton 2002) where the coastal water temperatures do not rise above 2°C even in summer (Klo¨ser 1994; Schloss et al. 1998; Wiencke and tom Dieck 1989) . Thus, U. bulbosa is exposed to permanent low temperatures which are below its optimum growth temperature, as determined by Wiencke and tom Dieck (1990) . The generation of ROS increases under exposure to low temperatures (Asada 1997) and consequently the metabolism may permanently be active to remove ROS by increased activities of SOD as a first line of defense. This is supported by the results of MDA measurements in both Ulva species (Fig. 6 ): due to the higher SOD activity in U. bulbosa, a similar MDA concentration as in U. clathrata could be maintained.
Ecological consequences
Ulva clathrata was more susceptible to both categories of UV radiation at 0°C than U. bulbosa, whereas differences were absent at 10°C (Fig. 2) . A possible explanation is that U. bulbosa, as an Antarctic/cold-temperate species (Wiencke and tom Dieck 1990) , could have a higher degree of cold adaptation than U. clathrata as a cold-temperate species from southernmost South America. Other studies on green macroalgae, such as Acrosiphonia arcta, Acrosiphonia sonderi and Urospora penicilliformis from different cold-temperate and both Polar regions, revealed two temperature ecotypes. Isolates obtained from both Polar regions are stenotherm organisms and thus better adapted to lower temperatures concerning their growth rates (Bischoff and Wiencke 1995a, b) due to a longer contact with cold water temperatures (Bischoff-Ba¨smann 1997) . In our study, cold adaptation could be confirmed using physiological parameters like maximum PS II quantum yields and enzyme activities (Figs. 2, 5) .
Furthermore, the Antarctic Chlorophyte U. bulbosa seems better acclimated to cope with UV radiation than its cosmopolitan counterpart U. clathrata which was isolated in southern Chile. Wiencke and tom Dieck (1990) and Wiencke and Clayton (2002) described U. bulbosa as an Antarctic/cold-temperate species which is in addition to Antarctic waters also distributed in the cold-temperate waters of southern South America. U. bulbosa occurs in tide pools in the eulittoral and the upper sublittoral (Wiencke 1990; Wiencke and Clayton 2002; Ramı´rez and Santelices 1991) , where it might be exposed to frequent changes in temperature and irradiance. On King George Island (Antarctica), water temperatures within tide pools are generally similar to temperature conditions in coastal waters of approximately 2°C in the summer and during low tide may increase to almost 14°C . At these elevated temperatures U. bulbosa has the optimal conditions for growth (Wiencke and tom Dieck 1990 ) so the metabolic rates of biochemical processes, e.g. growth and photosynthesis, are increased (Wiencke and tom Dieck 1990; Post and Larkum 1993) . Again, water temperatures within tide pools usually increase as a function of solar exposure, so that both factors most frequently do change in combination. If low tide coincides with cloudless conditions around noon, also solar irradiance and, thus, UV-B radiation is maximal. Thus, efficient acclimation to these highly flexible abiotic conditions is essential for U. bulbosa to thrive in tide pools along the Antarctic coastline. Our data show that U. bulbosa is able to tolerate the incident ultraviolet radiation much better at higher than at lower temperatures (Fig. 2) . This might be crucial particularly under ozone hole scenarios, which usually occur in early spring, at a time of the year at which surface and water temperatures are still low (Ö quist et al. 1993; Gó mez et al. 2001) .
Ulva clathrata which was isolated near Puerto Williams (Tierra del Fuego, Fig. 1 ) occurs in the intertidal zone in Patagonia (Santelices 1989, C. Wiencke, personal communication) . Increased UV-B radiation due to an established Antarctic ozone hole in the austral spring may affect photosynthesis and growth (Michler et al. 2002) . However, during that time the surface water temperatures in Puerto Williams are substantially higher than along the Antarctic Peninsula and were at 5-6°C on monthly average from 1974 to 2003 according to the Hydrographic and Oceanographic Service of the Chilean Navy (http://www.shoa.cl/cendhoc/atlas/index.htm). The accomplished experiments with U. clathrata suggest a tendency for a compensation of UV-B effects on the photosynthetic level at a temperature of 10°C (Fig. 2) . So it could be possible that the water temperature of 5-6°C facilitates a higher activity of efficient physiological protection mechanisms.
Previous studies on temperature requirements of U. bulbosa and U. clathrata (Wiencke and tom Dieck 1990) suggest that under the current scenarios of climate change, at least these species are unlikely to encounter lethal temperatures. Future studies should verify the present laboratory study under field conditions, that UV-B induced inhibition of photosynthesis might be ameliorated under elevated temperature conditions.
